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SUMMARY
WIN-D’rumml
R. Sevier,Jr.
A shplifiedmalysishasbeenmadetoeslxhatetheextento
whichthepressureratioandpowerofa nonreturnsupersonicwindtun-
neloperatingh thelowsupersonicMachnuniberrangecsmbe reducedby
theevaporationfwaterinjectedtitothecliffuser. It appearstobe
theoreticallypossibletoreducethepowerby asmuchas 20percentfor
a typicalexampleofa tunneloperatingata Machnmber of1.k andat
thefollowingstagnationconditions:pressure,15poundspersquare
inch;temperature,2000F; anddewpcdnt,OoF orless.Fora tunnel
havtiga testsectionof ~ sqwe feet,theamountofwaterinjected
wouldbe about300gallonsperminuteandthepowersaved,about7,000
horsepower.Thepowerrequiredtoprovidethenecessarywaterandthe
possibleincreasesh diffuserlossesassociatedwithwaterinjection
must,of course,be weighedagainsthetheoreticalpowersaving.
INTRODUCTION
Therecentincreased
andsupersonicspeedshas
scalewindtunnelshav@
\
titeresth experimentalresearchat transonic
resultedinthedesignandoperationoflarge-
operatingpowersinexcessof50,000horse-
power.In someproposed-de;iqsconsiderablygreaterpow&s havebeen
contemplated.Theuseofmethodsfoi@roving theoperatingefficien-
ciess,eventhoughtheimprovementmayamounttobuta fewpercent,would
thereforeresultinsignificantpowersavings.Thepurposeofthis
paperisto determinetheextentowhichcoolhgby theevaporationf
waterinthediffuserofa whd tunnelmaytheoretically@rove the
operatingefficienciesofthetunnelattrausonicandsupersonicspeeds.
Sucha methodpresupposesa nonretm tunnel,a typewhichiscurrently .
infaverforpropulsioninvestigations.
Althoughthemethodinprincipleisnotunlikethethermodynamic
drivediscussed,forexsmple,inreference1,itdiffersconsiderably
inapplication.Thethermodynamicallyoperatedwindtunnelemploys
bothheatersadcoolers(waterevaporation),whichserveasa prhsry
driveandelmte theusualcompressoraudelectricmotors,andthereby
.--—. ——.—. -—— ——— ..-— ___ . —.—..———
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constitutesa tunnelradicallydifferentfrcmthetypenowinoperation.
Thepresentschemeismerelya devicesupplementarytotheconventional
driveandutilizestiedrytunnelatiwhichisotherwisewasted.No
basictunnel-configurationcha gesarereqxlredotherthanthoseneeded
to titroducethewater.
SYMBOIS
P
P
-v
T
%
Y
a
M
h
i
m
massdensity
pressure
velocity
temperature
specificheatat constantpressure
ratioof specificheatat constantpres&e to specificheat
at constantvolume
speedof sound
Machnumber,via
totalener~perunitmass
momentumperunitarea
massflowperunitarea
Q heataddedper
~
ener~ratio,
R gasconstant
Subscripts:
.
Unitmass,
Q/c&o
o sta~ationconditionsaheadof shockorheatsourceorboth
1 referencestationaheadof shockorheatsourceorboth
2 referencestationbehindshockorheatsourceorboth
3 stagnationconditionsbehindshockorheatsourceorboth
—
————.-. —— .—-----
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ANALYSIS
In orderto determinethepossiblegainstobe realizedby heat
removalinthediffuserofa tid tunnel,a simplifiedanalysisismade
inwhichone-dimensionalflowthrougha tubeof constantcrosssection
isassmned.Thetworeferencestationsconsideredarestation1 located
upstreamoftheheatsource(orshockorboth)andstation2 located
downstreamoftheheatsomce. Theflowparametersat tietwostations
arerelatedby thefollowingeqxations:
Energyequation,
ho ‘d. ~+d-p&. Q =h3-QY-.xg+*P1
Momentumequation,
i = pl+ Plvlp= pp + p2v#
(1)
(2)
Continuityequation,
m= plvl= ppvp (3)
In orderto discussthebasicconceptsofflowswithheataddition
(qualitativelyatfirst),thepressureanddensityareelindnatedfrom
[
equation1)bymeansofequations(2)sad(3)toresulth thefollowing
equationref.2):
(4)
wherethesubscriptsfor h and v maybe eitherO and1 or3 and2,
respectively.Equation(4),whichrelatesthestagnatione ergyper
unitmasstothevelocityforgivenvaluesoftheimpulseperunitmass
flow i/m,isplottedillustrativelyh figure1 (ref.2). Although
onlya constantvalueoftheratio i/m isrequiredtomakethecurve
unique,actually,fromtheassumedflow,both i and m areindivid-
uallyconstsnt.Severalofthesalientfeaturesofthiscurveare
labeledinfigure1. Thevelocityoccurrtigatmaxtiumstagnation
energy,point@ , is (franref.2) sonicvelocitysothatpointsontie
upperbranchofthecurverepresentsupersonicflowsandlower-brauch
——— .—— ——— _____ .._- .—._ .. _ -. -.. . .— -
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pointsrepresentsubsonicflows.Point@ (fromeqs.(1)and(4))rep-
.
resentsthemaximumvelocityattainableandcorrespondstoa condition
of zeropressure,density,andtemperature.
RelationshipBetweenVelocityandTotal
Ener~ asIllustratedinFigure1
No heataddition(ref.2).-In orderfortheflowtobecomesubsonic
whena supersonicstreamexistsatpoint@ (fig.1),a shockmustoccur
(thetotalener~ ofthefluwremainsconstant)and,as a result,an
abruptchangeinvelocityoccursbetweenpoint@ andpoint@ . As
pointedoutinreference2,however,thejumpat constantotalenergy
canbe replacedby thecontinuousprocessfromot@t@t@$
-where,by definition,proceedinginthedirectionof increasingtotal
energymeanstheintroductionfheatandproceedingintheopposite
o
directionmeansheatremoval.Forthecaseoftheshock,theamountof
heataddedfrom@ to @ to @ isexactlycounterbalancedby theheat
removeduringthechmgefrom@ to @ ~ sothattheflw re~~s
adiabatic.TheincreaseinentropyoccurringfromQ to @ to @
outweighs,of course,thedecreasefrom@to@ ,withthenetamount
determiningthestagnation-pressuredecreaseacrossthenormalshock.
Heataddition.- If thesupersonicstresmatpoint@ infigure1
becomes ubsonicwithheatbeingaddedinthepresenceoftheshock,theofinalsubsonicflowcondition2b must(bydefinitionoftheabscissa
@scale)be to therightoftheadiabaticcase 2 . Furthermore,the
processfrom@ to @ mustbe lessefficientthaqthatfrom@ to
8
2a sincethedecreaseinentropyassociatedwithmovingfrom 2b too
2 islost.Thisresultis independentofwhethertheheatisa&ed
supersonicallysothatthepathis @ to @ to @ orwhetheritis
addedsubsonicallybehindtheshocksothatthepathis @ to @ to
o2b ; hence,heatadditioncorrespondsto addedlossesandresultsin
—
decreasedpressurerecoveries.Sucha processas justoutlinedoccurs
duringcondensationi windtunnels.
Heatremoval.-If thesupersonicstreamatpoint@ (fig.1)is
-
cooledinthepresenceoftheshock,thefinalcondition@ mustbe to
otheleftoftheadiabaticcase 2a ; hence,a gaininefficiencyoccurs
.
—
—
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andisassociated
oand 2C . Again, o
withtheaddeddecreaseinentropybetween2a
thisresultis independentofwhethertheheatis
removedsupersonicallysothatthe,pathis @ to @ to @ or sub-
sonicallysothatthepathis @ to @ to @ . Improved“diffusion”
efficienciessrethereforeassociatedwithcooling,andalthougha fixed
amountofheatremovedisequallyeffectivesubsonicallyor supersonically,
heatremovalsubsonicallyis,by-far,thesimpler
subsequently.
BasicRelations
process,asis shown ‘-
Thebasicrelationsbetweentheflowparametersupstresmanddown-
streamoftheheatsourcecanbe evaluatedfromequations(1)to (3)as
a functionoftheinitialMachnumberandtheratiooftheheatadded
totheinitialstagnatione ergy.Theserelationsare(withtheassump-
tionofa perfectgas, P=@T)
and
Q_
[q
1 + 7M12 2 1 + ~3M22
l+—- 2CPTO l+7M# 1 l+&M12
P2 1 + 7M12
—=
PI 1 + 7@
[ Y’]1 + 7M12 p 2T2—=T1 l+7M#G
(5)
4 (6)
(7)
AlthoughthefinalMachnumberM2 canbe solvedforexplicitlyasa
functionof Ml aid Q/CpTo fromequhtion(5),thefollowingformof
equation(5)isusuallymuchmoreconvenient:
f(Ml)f(M2)=
1+--QCPTO
.
(8)
In ordertofacilitatetheuseofequation(8),valuesof f(M) where
2
f(M)= 1 +.7M2
(
M21+7-1M2
2 )
.
..—— .—~ —— -—_.—. —... — .
6 MCA TN2856
arepresentedintableI. Bymeansof -this tib~, M2 Cm be detaed
l
directlywhen Ml and Q/cpToaretheindependentvmiables.These
general.relationshipsforflowswithheatadditionhavebeendetermined
previously.(See,forexample,refs.1, 3,and4.)
Equation(~)isalsoplottedinfigure2 forrepresentativevalues
of q forboththemibsonicandsupersonicMachnumber anges.It iS to
be notedthatthebasicener~-ratioparameterQ/~TO ineq.ution(5)is
Q‘3 - ‘o sothatthequsmtitY -1+ ~To(frm eq. (1))equivalentto
To
iss*ly thestagnationtemperatureatioT3/TO.
Figure3 presentsthestagnationpressureratioasa functionof
Q/~To forsever~supersonicMachnunbersandindicatesthepressure-
ratiogainstobe realizedby cooling.Thecurvespresentedinthis
figurehavebeenobtainedundertheassmptionofisentrcrpicflowon
eachindividualsideoftheheatsourceandshockandby theuseof
equations(5)to (7)to joh thetwostations.It istobe notedthat,
in figure3, theconditionofadiabaticflow & = O correspondsto
thenormalshock,andthedashedlineinthefi-&rerepresentsthe
maximunamountofheatthatcambe addedata givenMachnumber.(See,
forexample,ref.4.)
APPLICATION
Theapplicationfthesmalysispresentedinthepreviousection
isnowconsideredh orderto studythepossibilitiesofreducingthe
pressureratioand,hence,tiepowerof supersonicwindtunnels.One
ofthewhnplestandmosteffectivemethodsofcoolingah isby the
evaporationfwater.Becauseofthehighvalueof itslatentheatof
vaporization,theuseofwaterisfoundtobe extremelyeffective.The
evaporationprocessisparticdarlysuitedforthisapplicationbecause,
inorderto conductestsat supersonicspeeds,dryairisnecessarily
usedtoelhinateadversecondensationconditionsinthesupersonic
nozzle=d testsection;hence,theproperlocationforinjectingthe
waterwithoutaffectingthetestsisdownstream‘ofthetestsection.
Thestisonicflowregioninthediffuserora windtunnel,as illus-
tratedschematicallyinfigure4,isa muchbetterlocationforevap-
orationthanthesupersonicflowregionrearward ofthetestsection
becausesubsonicall.y*e statictemperatureoftheairismuchhigher
and,therefore,muchlargerquantitiesofwatercanbe evaporated.In
reality,theevaporationfwaterinthesupersonicregionwouldbe
.
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almostimpossiblesincemosttunnelsoperateatorbelowthesaturation
temperatureinthetestsection.In anycase,theamountofwaterthat
canbe evaporatedisassumedtobe limitedby saturationconditions
locally.
Thepossibleadvantagesofevaporatingwaterto @rove tunneleffi-
cienciesby reducingtheoperatingpressureratioscanbe inferredfrom
figure3 by interprettigtheenergratioQ/cpToh termsofphysical
quantitiessuchastheinitialstagnationconditionsofflowandthe
amountofwater(assumedtobe at650F) thatcanbe evaporated.such
an interpretations showninfigure5 wherethestagnationpressure
ratioispresentedasa functionoffree-streamMachnumberforvarious
percentagesofwatersaturationforthefollowing~streamstagnation
conditicms:pressure,15poundspersquareinch;tanperature,100°F
and200°F; anddewpoint,-30°F and0°F. Theeffectsof increasing
thedewpointfrom-30°F to 0°F areseentobe exceedinglysmall(the
amountofwaterassociatedwiththisincreaseisnegligible)sothat
furtherdiscussionisLbnitedtotheconditionof0°F dewpoint.The
higherstagnationpressureratiosassociatedwithboththe100-percent-
saturatedand50-percent-saturatedcon itionsareclearlysignificant,
as istheincreaseinpressureratioresul.ttigframthechangein stagna-
tiontemperaturefrom100°F to200°F. Forsomeconditionsatandbelow
a Machnrmiberof1.4,stagnationpressureratiosinexcessof1.0are
evidenced.In orderto indicatethesmountsofwaterrequiredtorealize
thesegains,theweightratiosofwatertoairarepresentedinfigure6.
Theamountofwateractuallyrequiredbecomesmorephysicallyevidentin
thefollowingspecificexample:
Assumea nonreturnsupersonictunnelhavinga testsectionof
50 squarefeetandstagnationtemperaturesof100°Fand200°F. In
ordertofacilitatecalculations,a constantstagnationpressureof
15poundspersqusreinchisassumedsincevariationsintest-section -
stagnationpressurewithMachnumberare”ofsecondmyimportancein
determiningthepercentpowerreduction.(Theamountofwaterrequired
will,however,be approximatelyproportionalto thestagnationpressure.)
me operatinghorsepowerswouldbe as showninfigure7. Inorderto
obtaina realisticestimateofthepower,basedonpreviousexperience
fromothertunnels,thecompressionratiorequiredisassumedtobe given
by theproductoftheadiabaticstagnationpressureratioacrossa normal
shockatthetestMachnumberandthecompressioni dexgiveninfig-
ure7. Furthermore,a compressorefficiencyof85percentisassumed.
Theresultanthorsepowerpresentedin figure7 isprimarilyillustrative
andisshownsolelytoestablishthemagnitudesoftheoperatingpowers.
Thegainstobe realizedinpowersavings(fig.8)arerelativelylarge
fortheamountsofwaterrequired(fig.9). Inthecomputationfthe
powersavings,thecompressioni dexof fiw 7 hasagainbeenassumed.
Inaddition,theinlettemperatureatthecompressorisassumedconstant,
regardlessofwhetherwaterisadded.Suchwillbe thecasefora com-
pr&sorlocatedupstreamofthetestsection.Ifthe
— .-. .--— —..-—— ——
compressoris
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downstreamofthesourceofwaterinjection,addedpowersavingswill
resultbecauseofthedropinstagnationtemperaturecausedby cooling.
Forthelattercase,however,theinitialstagnationtemperaturestill
hemuchlower(usuallyatmospherictemperature)sothatthemethodof
waterinjectionappearslesspromisingforthistypeof installation.
Fi~eS 7, 8, and9 showthat,at a Machnunberofabout1.4,
possibly20percentofthepower(thatis,about7,000horsepower)might
be savedata sta~ationtemperatureof200°F forwateradditionsof
300gallonsperminuteinmagnitude.Thispercentagesavingsvaries
inverselywithMachnumber.It isof interestonotethattheoper-
atingpoweractuallywillvanishat somesubsonicMachnwiber.This
fact,however,appearstobe ofonlyacademicinterestsince,besides
thestartingproblem,thecostofdryingandheatingequipment,not
usualforsulsonictunnels,wouldinvariablyoutweighthecostofconven-
tionaldrives.Eveninapplicationsat supersonicspeeds,thepower
requiredto supplythenecessarywaterandthepossibleincreasesin
diffuserlossesassociatedwithphysicallytitroducingwaterintothe
diffusermust,ofcourse,be weighedagatisthe~eoreticalp~er
saving.
CONCLUDINGREMARKS
A simplifiedanalysishasbeenmadetoestimatetheextentowhich
thepressureratioandpowerofa nonreturnswersonicwindtunneloper-
atinginthelowsupersonicMachnumberrangecanbe reducedby the
evaporationfwater.injectedintothe~user. It appearstobe theo-
reticallypossibletoreducethepowerby asmuchas 20percentfora
typicalexampleofa tunneloperatingata Machnmber of1.4andat the
followingstagnationconditions:pressure,15pomdspersquareinch;
temperature,200°F; anddewpoint,0°F orless.Fora tunnelhaving
a testsectionof50 squarefeet,theamountofwaterinjectedwouldbe
about300gallonsperminuteandthepowersavedabout7,000horsepower.
Thepowerrequiredtoprovidethenecessarywaterandthepossible
ticreasesindiffuserlossesassociatedwithwaterinjectionmust,of
coutse,be weighedagainsthetheoreticalP~~ sav~g.
LangleyAeronauticalLaboratory,
NationalAdvisoryComnitteeforAeronautics,
LangleyField,Vs.,October10,1952.
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TAWE I.-VAI?JESOFMACHNUMBERPARMEEER (1+ 7M2)2f(M)= , . _\(M21+7-~M22 )
FORVALUESOFMACHNUMBERM FROMO TO 2.00
M
)
.02
.04
.06
.08
.10
.1.2
.14
.16
.18
.20
.22
.24
.26
.28
.30
.32
.34
.36
.38
.40
.42
.44
.46
.48
l!X
f(M)
250~
627.6
28o.4
158.9
102.6
72.06
53.65
41.70
33.51
27.66
23.33
20.04
17.49
15.47
13.84
12.51
1.1041
10l50
9.727
9.073
8.514
8.034
7.618
7.257
6.943
M
0.52
.54
.56
.58
.60
.62
.64
.66
.68
.70
.72
.74
.76
.78
.80
.82
.84
.86
.88
.90
.92
.94
.96
.98
1.00
f(M)
6.66!3
6.426
6.214
6.027
5.861
5.n5
5.587
5.473
5.372
5.283
5.206
5.137
5.077
5.025
4.979
4.941
4.g08
4.880
4.857
4.838
4.824
4.813
4.806
4.8o2
4.800
M
1.02
1.04
1.06
1.08
1.10
1.w
1.14
L 16
1.18
1.20
1.22
1.24
1.26
1.28
1.30
1.32
1.34
I. 36
L 38
1.40
1.42
1.44
1.46
1.4a
1050
f(M)
4.8o2
4.8o5
4.8u
4.819
4.830
4.841
4.855
4.870
4.887
4.904
4.924
4.944
4.965
4.987
5oo11
5.035
5.060
5.085
5.111
5.138
5.165
5.193
5.221
5.250
5.279
M
1.52
1.54
L 56
1.58
1.60
L 62
1.64
1.66
1.68
1.70
1.72
1.74
1.76
1.78
1.80
1.82
1.84
1.86
1.88
1.90
1.g2
1.94
1.96
1.98
2.00
f(M)
5.309
5.338
5.368
;.;;;
5;459
5.490
5$521
5.552
5.583
5.615
5.646
5.677
5.708
5.740
5.nl
5.803
5.833
;.;%&
5:927
5*957
5.989
6.019
6.051
.
(
— .— —- —-— ----.—-
I,.- ,.
1.——.-.-.. velocity—-——— -——— I —..
M3xin?d-1
T------ ”’cw--”----------
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I I
I
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I
/
I
s
Total energy par unit rnass,h —
Fi@re l.- Illustratlve relationshipbetween veloclty end total energy .
for .sgiven impulse per ~t mass flow (ref. 2).
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